The role of the compatibility between obligatory perceptual organization and the active assembly of a motor-plan in auditory-verbal serial recall was examined. The classic finding that serial recall is poorer with ear-alternating items was shown to be related to spatialsource localization, thereby confirming a basic tenet of the perceptual-motor account and disconfirming an early account characterizing the two ears as separate inputchannels (Experiment 1). Promoting the streaming-by-location of ear-alternating itemsand therefore the incompatibility between perceived and actual order-augmented the ear-alternation effect (Experiment 2) whereas demoting streaming-by-location by reducing the regularity of the alternation attenuated it (Experiment 3). Finally, increasing the perceptual variability of an ear-alternating list while demoting the likelihood of streaming-by-location-by adding uncorrelated voice changes-also reduced the earalternation effect as did articulatory suppression for that part of the list (pre-recency) associated with motor-planning (Experiment 4). The results are incompatible with theories in which perceptual variability impairs serial recall due to a deficit in encoding items into a limited-capacity short-term memory space and instead point to a central role for perceptual and motor processes in serial short-term memory performance.
Introduction
The ability to retain and reproduce a sequence of stimuli over the short-term has long been recognized as a fundamental aspect of cognition, playing a critical role in many higher-level functions including problem-solving, reasoning, speech processing, and language learning (e.g., Baddeley, 1986 Baddeley, , 2007 Hurlstone, Hitch, & Baddeley, 2014; Lashley, 1951; Rosenbaum, Cohen, Jax, Weiss, & van der Wel, 2007) . Classically, the study of verbal shortterm memory has been wedded conceptually to the formalist, psycholinguistic, tradition (cf. Chomsky & Halle, 1968) in which the key unit of analysis is modalityindependent, phonological, representation (e.g., Baddeley, 2007 Baddeley, , 2012 Baddeley & Hitch, 1974; Broadbent, 1958 Broadbent, , 1984 Pashler, 1998) . In this view, the capacity to recall a series of verbal items is understood in terms of the operation of a dedicated but highly fragile system or representational space in which central (e.g., phonological) representations of such items outlast their physical presence but are subject to inexorable decay or/and interference from other structurally similar items (Baddeley, 2007) . Accordingly, research set within this centralist view has tended to focus on structural factors such as the duration of the short-term representation (e.g., Baddeley, Thomson, & Buchanan, 1975; Barrouillet & Camos, 2014) , the particular mechanism by which it might be corrupted by other events occupying the same memorial space (e.g., Neath, 2000; Oberauer, 2002) , or the overall capacity of that space (e.g., Cowan, 2001 Cowan, , 2015 .
We argue here that an emphasis on the structural properties assumed to underpin short-term memory performance has obscured a key role for general-purpose perception and motor functions that have often been seen as peripheral; merely providing the input to, and output from, central short-term memory mechanisms. Indeed, while some centralist accounts now make strong links between short-term memory mechanisms and perception and action processes (e.g., Page, Madge, Cumming, & Norris, 2007) , there is a burgeoning body of work suggesting that a consideration of perceptual organization, motorplanning, and the mapping between them may go a long way to accounting for short-term memory phenomena without having to invoke dedicated storage mechanisms (e.g., Guérard & Tremblay, 2011; Hughes, Marsh, & Jones, 2009 Jones, Hughes, & Macken, 2006 , 2007 Jones, Macken, & Nicholls, 2004; Macken, Taylor, & Jones, 2014 , 2015 Maidment & Macken, 2012 ; for related views, see Acheson & MacDonald, 2009; MacDonald, 2016; Reisberg, Rappaport, & O'Shaughnessy, 1984; Wilson & Fox, 2007) . The aim of the present research is to examine the way in which the passive perceptual organization of the auditory scene into coherent temporally-extended perceptual objects or streams (cf. Bregman, 1990 ) is a key determinant of the short-term reproduction of a spoken sequence. More specifically, we study the importance of the compatibility between the obligatory, non-volitional, organization of spoken items according to their perceived spatial-source and the active assembly of those items in their true temporal order in (subvocal) articulatory form. As a theoretical counterpoint, we contrast the predictions of our perceptual-motor account with ones allied to the centralist view in which factors such as variation in spatial-source are seen as compromising the initial encoding of items into short-term memory rather than ones that affect processes that are integral to short-term memory performance.
Serial short-term memory: a perceptual-motor approach
Present understanding of serial short-term memory is based primarily on performance in a verbal serial recall task in which, typically, around 5-8 verbal items (e.g., digits, letters, words) are presented one at a time and which must be reproduced in strict serial order following the last item (Baddeley, 1966; Conrad, 1964) . A key observation at the heart of the perceptual-motor account is that the postcategorical identities of the items in a serial recall list, by design, exhibit very low transitional probabilities (i.e., the predictability of an item given the preceding event(s) is very low or zero; e.g., Miller & Chomsky, 1963) : That is, the Experimenter typically strips the list of supra-item features-syntax, grammar, and semantic relations-that in a normal linguistic sequence constrain the serial order of its constituent elements (see, e.g., Jefferies, Lambon Ralph, & Baddeley, 2004; Macken & Jones, 2003) . At least in relatively 'pure' serial recall tasks, in which the burden falls entirely or primarily on reproducing item order rather than individual item identity (cf. Baddeley, 2012) , it is this characteristic (alone) that makes serial recall challenging. Accordingly, performance is superior when there is a good match between the list and long-term sequential knowledge (i.e., when the list-items exhibit relatively high transitional probabilities) such as with a list containing highfrequency letter transitions (Miller & Selfridge, 1950) , a list of words that make up a grammatically legitimate sentence (Jefferies et al., 2004) , or a list that contains subsequences already unitized in long-term memory due to repeated exposure to, for instance, telephone or personal identification numbers .
Given the lack of serial order constraints within the presented list, we argue that the motor-sequence planning system (vocal-articulatory in the case of verbal serial recall) is co-opted to impose such constraints. The skill of speech (or more accurately, speech-planning) provides a particularly effective medium for this purpose on account of its inherent sequentiality, continuity, and prosodic and co-articulatory nature. For example, the very act of (covertly) co-articulating the items-whereby the exact manner in which the end of one speech element is articulated depends on the next speech element (Sternberg, Wright, Knoll, & Monsell, 1980 )-generates new sequential information (and hence constraints) not present in the list itself (e.g., Woodward, Macken, & Jones, 2008) . Importantly, then, in the perceptual-motor account, the function of articulatory rehearsal (or vocal-motor planning) is not the refreshing of decaying representations within a distinct verbal (phonological) store (or the conversion of visuallypresented items into phonological form; e.g., Baddeley, 2007) but rather the motoric sequential binding of otherwise post-categorically unbound items.
A second key facet of the perceptual-motor approach is a consideration of obligatory perceptual processes that organize sensory input into coherent perceptual objects (e.g., Wertheimer, 1923 Wertheimer, /1938 . Of particular relevance are the especially powerful processes of auditory scene analysis that generate objects or 'streams'; representations that, unlike representations of visual stimuli, are inherently sequential given the temporally-unfolding nature of sound (e.g., Bregman, 1990) . To elaborate, auditory sequential streaming involves the computation of whether or not successive sounds are emanating from the same environmental event and whether they should therefore be assigned to the same stream (stream integration) or to different streams (stream segregation), respectively. This is widely assumed to be an obligatory, non-volitional, process involving the preattentive processing of a variety of cues well characterized by Gestalt principles such as grouping by similarity and 'good continuity' (e.g., Bregman, 1990; Sussman, Bregman, & Lee, 2014; Sussman, Horváth, Winkler, & Orr, 2007; Wertheimer, 1923 Wertheimer, /1938 Winkler, Denham, & Nelken, 2009) .
The relevance of auditory perceptual organization to the ostensibly separate domain of serial short-term memory derives from the well-established relation between auditory sequential streaming and serial order processing. When stimuli that are distinct from one another but are nevertheless relatively perceptually invariable on account of some broader common ground (e.g., different words spoken from the same location)-and hence are likely to be integrated into a single stream-the order of those stimuli can be readily discerned and reported. Once nontemporally-successive elements share a stronger common ground than temporally-successive elements, howeverleading to stream segregation-the true temporal order of elements becomes very difficult to identify. For example, Bregman and Campbell (1971) , in a study of streamsegregation by fundamental-frequency, found that given a looping sequence of three different high-frequency tones (ABC) alternating with three different low-frequency tones (123)-i.e., A1B2C3-listeners typically reported the order of the tones as ABC123 (or 123ABC) but could not apprehend the order of tones from different frequency-ranges (i.e., the actual temporal order of the tones, e.g., that 1 followed A). This can be understood by supposing that the two distinct frequency-ranges provided the basis for assignment of the ABC tones to one stream and the assignment of the 123 tones to another stream. However, the perception of the changes carried on each stream (e.g., A-B-C) yielded cues as to the order of the stream's constituent elements such that within-stream, but not across-stream, order was readily reportable.
Thus, the perceptual-motor account posits that rather than reflecting dedicated systems or mechanisms, performance in serial short-term memory tasks is based on exploiting any matches between the list (or parts thereof) and long-term semantic memory (see, e.g., and-to the extent that there is no perfect match-on an episodic record of the active motoric reconstruction of the list (regardless of listmodality). In addition, with auditory presentation, the episodic record of the way in which the sequence was automatically perceptually organized may also support (though may also hinder; see below) the reproduction of the list (for a more extensive theoretical discussion, see Macken et al., 2015) . More generally, we assume that all sensory processing-including processing of the simulated sensory consequences of imminent motor-output (cf. Clark, 2013) -produces an episodic record that outlasts the physical presence of the external stimuli or the internal simulation and whose contents reflects the way in which the sensory input was organized. To the degree that all sensory and motor processes lead to lasting effects, we deem it unnecessary to demarcate a subset of mental mechanisms that 'store' information: storage is the by-product of other (perceptual and motor-planning) processes (see also Craik & Lockhart, 1972) .
There is already a relatively large body of work documenting a key role for auditory perceptual organization in numerous serial short-term memory phenomena, including the disruptive effect of task-irrelevant sound on serial recall (Jones, Alford, Bridges, Tremblay, & Macken, 1999) , the advantage in the recall of the last few items of an auditorily-compared to visually-presented list (i.e., the modality effect; Nicholls & Jones, 2002 ; see also Macken, Taylor, Kozlov, Hughes, & Jones, in preparation) , and the residual detrimental effect of phonological similarity on auditory-verbal serial recall under conditions in which articulatory rehearsal is impeded through articulatory suppression (Jones et al., 2004 (Jones et al., , 2006 (Jones et al., , 2007 Maidment & Macken, 2012) . Our interest in the present paper centers on the influence on serial recall of the degree of compatibility between the non-volitional perceptual streaming of a spoken sequence and the deliberate assembly of a motor-plan designed to support the serial reproduction of the sequence.
Perceptual variability and auditory-verbal serial recall
We examine the role of perceptual-motor mapping here in the context of a relatively neglected phenomenon: the impairment of auditory-verbal serial recall when the listitems are perceptually variable. Specifically, it has been shown that serial recall is impaired markedly if the items are presented in different voices (Goldinger, Pisoni, & Logan, 1991; Greene, 1991; Hughes et al., 2009 Hughes et al., , 2011 LeCompte & Watkins, 1993; Martin, Mullennix, Pisoni, & Summers, 1989) or from different spatial locations (or vary in terms of ear-of-presentation; e.g., Treisman, 1971) . Within the classical centralist approach to short-term memory, these perceptual variability effects have been interpreted in terms of a difficulty in initial itemencoding that usurps resources needed for central short-term storage. For example, the detrimental impact of presenting items in different voices has been explained in such terms. One variant of this item-encoding account invokes the process of speech normalization whereby the pre-categorical features of a spoken item (e.g., fundamental frequency, accent, speaking-rate) must be discarded at the point of input in order to realize an idealized abstract-phonological representation (e.g., Stevens, 1960) . In this view, when such precategorical features differ from one item to the next in a serial recall task, the normalization process is particularly stressed thereby impairing the categorical encoding of each item and in turn impairing the storage of items already in short-term memory (e.g., Martin et al., 1989; Mogensen, Miller, & Roodenrys, 2015) . Another item-encoding account posits that precategorical features of a spoken item are incorporated with its abstract-linguistic content into the short-term memory representation. To the extent that this incorporation process, like speech-normalization, is resource-demanding, it also impairs central short-term storage processes (Goldinger et al., 1991; Nygaard, Sommers, & Pisoni, 1995) . Of particular interest given the form of perceptual variability focused upon in the present study, the detrimental effect on serial recall of presenting successive items alternately to the two ears (e.g., Moray, 1960; Treisman, 1971 ; see also Broadbent, 1954; Broadbent & Gregory, 1964) has also been explained in terms of an itemencoding problem, though this time by recourse to an attentional mechanism: ''. . .there is a limit to the rate at which attention can be shifted between the ears. This attention shifting time would reduce the time available for perception and storage. . ." (Treisman, 1971, p. 164) .
It is notable that most models of short-term memory have not explicitly addressed perceptual variability effects. While we think this is remiss, it is understandable given the traditional emphasis on post-perceptual, modalityindependent, mechanisms. Indeed, a core construct within arguably the most prominent short-term memory models is a distinct modality-independent phonological shortterm store (e.g., Baddeley, 2007; Burgess & Hitch, 1999 Henson, 1998; Page & Norris, 1998) . As speech normalization is a necessary assumption of all such phonology-based models, they align naturally with a speech-normalization account of the ear-alternation effect. However, these and other models of short-term memory models also retain the concept of a central executive that controls the entry of stimuli into the short-term store (or one of several such stores; Baddeley, 1996) or a limited 'focus of attention' (Cowan, 1999; Oberauer, 2002) . Thus, the idea that ear alternation demands a costly process of selective attention-switching to encode each item could also be readily adopted by such models.
The goal of the present research is to show that perceptual variability effects instead reveal a core, not peripheral, role for perception and, more specifically, the role of the compatibility between perceptual organization and motor-planning, in auditory-verbal serial recall. Our analysis begins with the observation that the centralist, item-encoding, approach focuses on the deficit produced under perceptually variable conditions. That is, the impairment serves as an empirical referent for the central or/and limited-capacity character of the cognitive structures assumed to support item-storage. In contrast, on the perceptual-motor account, perceptual variability effects bring into relief the accomplishment of obligatory perceptual object-formation processes that, as a byproduct of their primary function, play a role in the representation and reproduction of the order of items in the typical, (relatively) perceptually invariable, spoken serial recall list (e.g., items spoken in the same voice from the same location). Specifically, we contend that the effect of perceptual variability serves to reveal the fact that, in the typical list in which successive items enjoy a great deal of common ground (e.g., same spatial-source, same voice), stream integration is a key mechanism by which serial order is encoded and hence an important determinant of performance. In particular, when the constituents of a sequence are integrated passively into a single stream, there is a relatively high level of compatibility between the order of items as yielded by that integration process and the order in which items need to be assembled into the subvocal motor-plan. Thus, when the sequence contains a high degree of perceptual variability between successive items-to the extent that the variability causes the sequence to be segregated into two (or more) streams-the perception of order is incompatible with the required motor-plan and hence recall is impaired.
Present study
In previous work in which we began to reconceptualize perceptual variability effects as a perceptual-motor mapping problem, we first replicated the finding that presenting items in an alternating female-male voice fashion (e.g., ''3, 1, 7, 4, 6, 2, 8, 5"; bold and underlined items in female voice; remainder in male voice) impairs serial recall appreciably (see also Greene, 1991; Mogensen et al., 2015) . We argued that this was due to the obligatory perceptual segregation of items by voice yielding two sets of by-voice order cues (3-7-6-8 and 1-4-2-5) that mismatched the motor-planning of the true temporal order of the items (i.e., 3 1 7 4 [. . .]). In line with this account, promoting such stream segregation by allowing the segregation process to 'build up' during a voice-alternating lead-in (a countdown into the to-be-remembered list, i.e., 8, 7, 6, 5, 4, 3, 2, 1 [. . .] ) increased the cost of voice-alternation (see also current Experiment 2). In the present article, we apply the perceptual-motor account for the first time to the effects of perceptual variability on the spatial dimension, specifically, variability in the ear to which successive spoken items are presented (cf. Treisman, 1971) .
As noted, classical accounts of the effect of earalternation on verbal serial recall have been couched in terms of the cost of switching a selective attention mechanism that protects a central limited-capacity short-term memory system from overload. In this view, the selection mechanism is too slow to shift between the ears to 'catch' each item to give them access to the short-term store (e.g., Broadbent, 1958; Treisman, 1971) . The normalization/ incorporation accounts of the impact of talker variability on serial recall (Martin et al., 1989; Mogensen et al., 2015; Nygaard et al., 1995) could also be extended readily to the effect of ear alternation: In this view, rather than a failure of timely attention-switching, the impairment could either be attributed to having to strip each item of ear-of-entry or spatial-location information-which would be a nuisance variable in the task of achieving a canonical abstract representation-or attributed to a cost of incorporating that information into the short-term memory representation. (Conversely, the attention-switching account of the ear-alternation effect could be readily applied to talker variability effects; for a discussion, see Hughes et al., 2009 Hughes et al., , 2011 Our alternative, perceptual-motor, account of the earalternation effect begins with a consideration of how the auditory-perceptual system determines the spatial-source of a sound. In a natural auditory scene, two main cues are used for sound localization, which in turn is one of several cues the auditory system uses to determine whether a succession of sounds are emanating from the same environmental object (e.g., a given talker) and hence whether they should be assigned to the same stream. One is interaural intensity difference (IID; e.g., Culling & Summerfield, 1995) : The greater the signal-energy received by, say, the left ear compared to the right, the more the stimulus is assigned to the left of auditory space (from the listener's perspective). A second cue is interaural time-difference (ITD; Darwin & Hukin, 1999) : If, for instance, the right ear receives the same spectral input later than the left ear, again the stimulus will tend to be assigned to the left portion of space as the soundemitting event must be closer to the left than the right ear.
2 In the context of serial recall, then, when items are presented from one spatial location (e.g., all presented to both ears or all presented to one ear), the items will tend to be assigned to a single coherent stream and hence perceived order will map relatively well onto the required motorplan (assuming the absence of other cues promoting stream segregation, e.g., alternating voices; Hughes et al., 2009) . With ear-alternating items, however, the auditory system is likely to deduce that there are two environmental events emanating from two different loci and thereby partition the sequence into two streams, each containing serial order information at odds with the required motor-plan.
We begin with a test of an axiomatic assumption of the perceptual-motor account, namely, that the earalternation effect is a by-product of streaming-bylocation. From this perspective, the ears per se are only important in the ear-alternation effect insofar as IID can be used to locate a sound in space, which in turn is just one of several possible streaming cues. Showing that it is spatial-source alternation that is key to the 'ear'-alternation effect, not alternation between the ears per se, would also rule out an early variant of the itemencoding hypothesis in which the effect is due to a difficulty in switching attention between the ears as two discrete structural input-channels (Treisman, 1971 ; see also Broadbent, 1954; Cherry & Taylor, 1954) . Specifically, then, we test the prediction of the perceptual-motor account that if items alternating between the ears were perceived as coming from a common spatial source-and hence likely to be assigned to the same stream-the ear-alternation effect should be reduced or eliminated. To achieve this apparently paradoxical set of affairs we adapt a technique used by Deutsch (1979) in a study examining the difficulty of recognizing a melody when its constituent tones are alternated between the ears. Similar to the logic underpinning the present experiment, Deutsch (1979) investigated whether the difficulty was due to the fact that nonadjacent tones in the melody were streamed-by-locationbased on their sharing a common IID-such that the order relations between successive tones (critical for melody recognition) could not be readily apprehended (cf. Bregman & Campbell, 1971) , rather than a problem of switching attention between the ears. Of most relevance here, she found that melody recognition with earalternating tones improved dramatically if a drone was presented along with each tone to the other (i.e., contralateral) ear (see also Judd, 1979; Schubert & Parker, 1956 ).
This can be explained in terms of a mislocalization illusion arising from a phenomenon known as auditory contralateral induction (Warren & Bashford, 1976) : As each tone was presented, the contralateral drone served to reduce the IID-including the intensity difference at the frequency characterizing the target tone-such that the auditory system was 'fooled' into perceiving the target tone as if it was also present at the ear receiving the noise. As a result, the listener would hear the target-tone as if it were presented from a more frontal-central source. Thus, a succession of ear-alternating tones would now have been perceived as sharing a similar frontal-central spatial source and be assigned, therefore, to a single coherent stream, restoring thereby the perception of the temporal order between successive tones of the melody (see Judd, 1979) . In line with the general argument forwarded here, Deutsch (1979) argued that ''when a decrement in integrating input to the two ears occurs, this is due not to capacity limitation, but rather to a mechanism which is imposed to prevent confusion" (p. 3). Here we apply the contralateral induction-based technique for the first time in the context of the ear-alternation effect in serial recall.
Experiment 1
The upper section of Table 1 illustrates the four conditions included in Experiment 1 (note that the 'Lead-in' column is only relevant to Experiment 2). In the Binaural condition, each item in the list was presented to both ears. In the Alt condition, they were presented to the two ears in an alternating fashion. The main novel condition introduced in this experiment is condition 4, Alt + noise: This was identical to the Alt condition except each to-beremembered item was accompanied by a white noiseburst presented to the contralateral ear (note that noise rather than a drone has been shown to produce contralateral induction in numerous studies; Judd, 1979; Schubert & Parker, 1956; Warren & Bashford, 1976) . Finally, a Binaural + noise condition was included to control for any effect of the mere presence of alternating noise-bursts; here, the to-be-remembered items were presented binaurally together with noise-bursts alternating between the ears.
The perceptual-motor account predicts that introducing the alternating noise-bursts to the Alt list (i.e., Alt + noise) should induce a 'to-the-centre' (mis)localization of each of the ear-alternating to-be-remembered items such that those items would now tend to be assigned to a single coherent stream in contrast to the tendency toward a two-stream organization in the Alt (i.e., without noise) condition. We predicted, therefore, that the noise should reduce the ear-alternation effect: Whereas performance in the Alt condition should be poorer than in the Binaural condition (i.e., replicating the basic ear-alternation effect), performance in the Alt + noise condition should be more comparable to that in the Binaural condition. This prediction contrasts with any item-encoding account of perceptual variability effects that invokes the notion of attention switching between two input-channels: The noise, despite providing a mislocalization cue, does not contain any information that can be used for discriminating the identity of each to-be-remembered item. Thus, the need to switch attention between two putative input-channels is the same in the Alt + noise as in the Alt condition, leading to the prediction that, in this view, the cost of alternation should not vary as a function of the presence of noise-bursts.
Method Participants
Thirty-six undergraduates from Cardiff University took part in return for course credit. All reported normal hearing and normal or corrected-to-normal vision.
Apparatus & materials
The experiment was controlled by a PC computer using the E-Prime 1.1 software (Psychology Software Tools). The to-be-remembered stimuli were sequences of eight items taken without replacement from the digit set 1-8. Each item was recorded digitally in a male voice and sampled with a 16-bit resolution at sampling rate of 44.1 kHz using Sound Forge 7.0 software (Sony Corporation, 2003) . The duration of each item was edited to 250 ms using the same software. For each sequence, the digits were presented in a pseudorandom order with the constraint that there were no ascending or descending runs of more than two digits (e.g., 3-4-5 or 8-7-6). The sequences were presented at approximately 65 dB(A) over headphones with an interstimulus interval (ISI; offset to onset) of 100 ms, giving a presentation rate of one item per 350 ms.
Design
The experiment had a 2 (List-type: Binaural, Alt) by 2 (Noise: Present, Absent) by 8 (Serial position) fully repeated-measures design. Note that we used a binaural sequence for the non-alternating condition in this experiment (rather than single-ear presentation as we used in subsequent experiments) to avoid the risk with single-ear presentation-unlike binaural presentation-that the addition of an alternating noise-burst would mask every other to-be-remembered item. In the Binaural + noise and Alt + noise conditions, a white noise-burst was presented at the same intensity as the to-be-remembered items. Each white noise-burst had the same duration (250 ms) and the same onset as each to-be-remembered item; thus, the ISI for the noise-bursts was also the same as for the to-be-remembered items (100 ms). There were 80 trials in total comprising a block of 40 trials in which the lists were accompanied by alternating noise-bursts and another 40 trials in which they were not. Within each of these blocks, there were 20 Binaural lists and 20 Alt lists intermixed with the constraint that the same condition was not presented more than twice in succession. Before each block, there were two practice trials corresponding to the two conditions represented in that block. The order of blocks was counterbalanced across participants.
Procedure
Participants were tested individually in a dimly lit and sound-attenuated room. For all conditions, after the presentation of the last to-be-remembered item of each list the word recall was displayed for 100 ms. Participants were told that regardless of the type of list (binaural or alternating) that they should try to recall the to-be-remembered digits in the actual temporal order in which they were presented by writing them on a response sheet in a strict leftto-right fashion. They were instructed to guess if they were uncertain of any digit's position. Participants had 15 s to recall each list. Three seconds before the end of the response period, a 500 ms tone was presented over the headphones to indicate that the presentation of the first item of the next trial was imminent. The experiment took approximately 45 min.
Results and discussion
For all experiments reported in the present article, the raw data were scored according to the strict serial recall criterion; an item was scored as correct only if it was recalled in the same absolute position in which it was presented. Fig. 1 shows recall performance in each of the four conditions of Experiment 1.
The results are clear-cut: The impairment caused by ear alternation was markedly reduced when a noise burst was presented to the ear contralateral to that receiving a to-beremembered item. A 2 (List-type: Binaural, Alt) Â 2 (Noise: Present, Absent) Â 8 (Serial position) repeated-measures ANOVA revealed a main effect of List-type, F(1, 35) = 24.94, MSE = .028, p < .001, g 2 P = .42, reflecting a replication of the basic ear-alternation effect and, of greater interest, the ear-alternation effect interacted with Noise, F (1, 35) = 12.08, MSE = .020, p = .001, g 2 P = .26. Planned contrasts confirmed that the difference between Binaural and Alt was considerably greater, F(1, 35) = 28.95, MSE = .060, p < .001, than when those same list-types were accompanied by noise-bursts; indeed this latter difference did not reach significance, F(1, 35) = 3.47, MSE = .035, p = .071. A further contrast showed that the improvement in performance with ear-alternating items in the presence of noise (i.e., the difference between Alt and Alt + noise conditions) was indeed significant, F(1, 35) = 10.19, MSE = .070, p < .005. There was also a main effect of Noise, F(1, 35) = 4.27, MSE = .030, p = .046, g 2 P = .11, a by-product of the fact that one of the without-noise conditions (Alt) resulted in poorer recall than the other conditions [noise per se clearly had no direct impact on performance as indicated by the absence of a significant difference, F < 1, between Binaural (81% correct recall averaged across serial positions) and Binaural + noise (80% correct)].
3
The results of Experiment 1 provide definitive evidence that the ear-alternation effect in serial recall is not caused by the alternation of the items between the ears per se but is related to the fact that the degree of discrepancy in intensity across the two ears is a major cue for localizing sound in distal space (e.g., Culling & Summerfield, 1995) . When the IID for an item presented to one ear is reduced by presenting a noise-burst to the contralateral ear, it is mislocalized perceptually as having a more central spatial source (Warren & Bashford, 1976) . A succession of such 3 It might be suggested that the perceptual-motor account would predict that ear-alternation should lead to a particular type of error whereby nonadjacent pairs are output (e.g., ''8-1" or/and ''3-5" given the list ''8-3-1-5. . ."), reflecting the partitioning of the alternate items into two streams. This is not, however, a necessary or strong prediction of the account: The impairment due to ear alternation may well be as much due to the additional burden of having to resist such by-stream recall as it is due to actual by-stream recall. Nevertheless, for completeness, for each condition in Experiment 1, we calculated the frequency of such non-adjacent pairings regardless of the absolute serial positions at which they occurred in the output (so for the example above, ''3-5" would be scored as a non-adjacent pairing even if it occurred late in the output) and divided this by the total number of errors. No significant differences were found between any of the four conditions. centrally mislocalized ear-alternating items would thus tend to be integrated into a single, coherent, stream. As a result, perceived order-despite ear-alternation-is now compatible with the to-be-reproduced order and hence ear-alternation has little effect. The results also rule out any item-encoding account of the ear-alternation effect that appeals to early notions of a difficulty in switching attention sufficiently rapidly between the ears as two structurally discrete input-channels (e.g., Treisman, 1971) : The presence of contralateral noise bursts would not have altered the extent to which only one ear/inputchannel was receiving information required to identify each item and hence would not have altered the need for ear-switching.
The results of Experiment 1-while confirming a necessary prediction of the perceptual-motor account and refuting an early, ear/channel-switching, account-do not rule out the item-encoding hypothesis more generally. The hypothesis could readily accommodate the results of Experiment 1 by supposing that attention needs to switch between spatial sources (rather than ears per se) to encode each item in the Alt but not in the Alt + noise condition. Similarly, the normalization/incorporation variants of the hypothesis could assume that the irrelevant information to be discarded/incorporated is spatial-source information rather than ear-of-entry per se. The three remaining experiments of the present series do, however, speak to the adequacy of the item-encoding hypothesis more generally as well as providing further tests of the perceptual-motor account.
Experiment 2
In Experiment 2, we capitalize on the fact that the perceptual-motor account and the item-encoding hypothesis make different predictions in relation to the impact of pre-exposure to the ear-alternating pattern on the earalternation effect. It is well established that stream segregation takes some time to 'build up': given that stream assignment involves a comparison of a stimulus to a previously-established regularity, there must necessarily be some accumulation of evidence for that regularity (Bregman, 1990) . For example, when listeners are presented with a sequence of alternating low-and highfrequency tones, the auditory system's default is to assume initially the presence of a single (fluctuating) sound-source such that all stimuli are assigned to one (albeit rather unstable) stream. As the regularity of the repeating lowtone and repeating high-tone pattern continues, however, the auditory system eventually accrues sufficient evidence that it is more probable that the stimulation is caused by two distinct events, hence the low and high tones are split into separate streams (Anstis & Saida, 1985; Beauvois & Meddis, 1997; Bregman, 1978; Rogers & Bregman, 1993) .
Based on the cumulative nature of stream segregation, we sought here to promote the partitioning of earalternating items into two streams by introducing a (task-irrelevant) induction sequence (or 'lead-in') that preceded the to-be-remembered list. The lead-in was in the form of a countdown (''8, 7, 6 [. . .] 1" presented twice in succession) presented in the same voice, and in the same ear-alternating fashion, as the ear-alternating to-beremembered items. Our rationale was that the partitioning of ear-alternating items into distinct streams would begin during the lead-in such that an ensuing sequence of earalternating to-be-remembered items would be more clearly partitioned than would be the case in the absence of a lead-in. Thus, if the effect is indeed driven by stream segregation, the impairment of serial recall due to earalternation (compared to a list presented to a single ear) should be greater when such segregation is promoted by a lead-in. The 'Experiment 2' section of Table 1 depicts the four conditions contrasted. The Single and Alt conditions (conditions 1 and 2) were supplemented by conditions 3 and 4 in which a Single list and an Alt list, respectively, was preceded by an alternating-ear lead-in. The perceptual-motor account makes the unique prediction that the impairment usually found in the Alt compared to Single condition (i.e., the basic ear-alternation effect) will be greater when a lead-in is introduced (note that the Single + lead-in condition provides the most appropriate comparison-condition to Alt + lead-in as it controls for a possible effect of the mere presence of a lead-in).
Turning to predictions of the item-encoding hypothesis, on the view that attention fails to 'keep up' with the changes in spatial location in an ear-alternating list, there are good reasons to expect that pre-exposure to the extent and rhythm of the spatial changes should serve to entrain attention such that it is better able to track those changes by the time the to-be-remembered list begins. For example, the time taken to identify the features of a targetsound is facilitated if attention is entrained via a preceding sequence of irrelevant sounds to the rhythm of the sounds and hence the temporal onset of the target-sound (Jones, Moynihan, MacKenzie, & Puente, 2002) . Similarly, the provision of a cue regarding the probable frequency (Mondor & Bregman, 1994) or location (Mondor & Zatorre, 1995) of an upcoming target-sound facilitates responding to other dimensions of that sound (e.g., its duration). Thus, on the item-encoding hypothesis, an ear-alternating leadin should, if anything, facilitate the timely encoding of the ear-alternating to-be-remembered items and hence serial recall should be impaired to a lesser extent (than with an ear-alternating list in the absence of the lead-in). The same prediction follows from the perceptual normalization/incorporation accounts: It is well established that perceptual processes become attuned over time to whatever perceptual variability (e.g., talker, accent, speaking rate, location, and so on) is to be eliminated (normalization account) or retained (incorporation account) from the speech signal (e.g., Diehl, Souther, & Convis, 1980; Kidd, 1989) . Again, therefore, pre-exposure to the pattern of ear/location-alternation via a lead-in should, if anything, facilitate item-encoding and thereby reduce the earalternation effect.
Finally, to the extent that we have demonstrated previously that a (voice-) alternating lead-in accentuates the voice-alternation effect (Hughes et al., 2009 ), the present experiment will speak to our assumption that the earand voice-alternation effect are underpinned by common (perceptual-motor) mechanisms. Such identicality in the empirical character of the two effects would also buttress our supposition that item-encoding accounts of the voice-alternation effect (Mogensen et al., 2015) should also, in principle, apply to the ear-alternation effect.
Method Participants
Twenty undergraduates from Cardiff University took part in return for course credit. All reported normal hearing and normal or corrected-to-normal vision.
Apparatus and materials
As illustrated in Table 1 , in the Single condition, the tobe-remembered lists were presented to a single ear (for half these lists, all the items were presented to the left ear; for the other half, all items were presented to the right ear). In the Alt condition, the to-be-remembered lists were presented in an ear-alternating fashion (whether the first item was presented to the left or right ear was counterbalanced). The Single + lead-in and Alt + lead-in conditions were identical to the Single and Alt conditions, respectively, except that a lead-in (an ''8-1" countdown presented twice) was presented in an ear-alternating fashion before the to-be-remembered list. The last item of the lead-in was always presented to the ear opposite to that receiving the first item of the to-be-remembered list (regardless of whether that to-be-remembered list was a single-ear or ear-alternating list). The soundfiles used for the lead-in digits were the same as those for the to-be-remembered lists and the timing for the lead-in (item-duration and ISI) was also identical to that for the to-be-remembered lists.
Design and procedure
These aspects of the method were identical to those for Experiment 1 except that, effectively, the manipulation of the presence (or not) of noise-bursts was replaced with that of the presence (or not) of a lead-in. Participants were told that for one block of trials the spoken list would be preceded by two countdowns.
Results and discussion
The percentage of items correctly recalled in order as a function of the four conditions [2 (Lead-in: Present, Absent) Â 2 (List-type: Single, Alt)] across the eight serial positions is shown in Fig. 2 . The pattern confirms the prediction of the perceptual-motor account and can be summarized in terms of two main results: First, the basic ear-alternation effect was again replicated: Recall was poorer in both conditions involving an ear-alternating to-be-remembered list (i.e., Alt and Alt + Lead-in) than in conditions involving a single-ear to-be-remembered list (i.e., Single and Single + Lead-in). Second, and of most interest, recall of an ear-alternating list (but not a singleear list) was particularly poor when it was preceded by a lead-in; that is, a lead-in increased the magnitude of the ear-alternation effect.
A 2 (Lead-in: Present, Absent) Â 2 (List-type: Single, Alt) Â 8 (Serial position) analysis of variance (ANOVA) showed a main effect of Serial position, F(7, 133) = 79.25, MSE = .129, p < .001, g 2 P = .81. There was no main effect of Lead-in, F < 1, indicating that a lead-in, in and of itself, did not affect recall. However, there was a main effect of List-type, F(1, 19) = 28.97, MSE = .044, p < .001, g 2 P = .60, replicating the ear-alternation effect and, of most interest, a significant interaction between Lead-in and List-type, F
(1, 19) = 7.05, MSE = .013, p < .02, g 2 P = .27, reflecting the fact that the impairment with an ear-alternating list was greater when it was preceded by a lead-in. For completeness, we note that there were also significant interactions between Lead-in and Serial position, F(7, 133) = 2.68, MSE = .013, p < .05, and between List-type and Serial position, F(7, 133) = 7.13, MSE = .020, p < .001, though we will not attempt to attach any functional significance to these.
Experiment 2 showed that the deleterious effect of earalternation on serial recall is increased by pre-exposure to the ear-alternating pattern of stimuli. Importantly, the lead-in per se did not have any effect in and of itself as indicated by the fact that it had no effect on single-ear list recall; thus, its effect on an ear-alternating list is selective and cannot be attributed to some general processing load. We argue, therefore, that the ear-alternating lead-in provided an accumulation of evidence that there were two different sources of information such that by the time the alternating to-be-remembered list started, the partitioning of the items into two streams was stronger than in the absence of the lead-in (cf. Rogers & Bregman, 1993) . This stronger partitioning into streams would exacerbate the difficulty of mapping the items onto a motor-plan designed to support the reproduction of the items in their actual, not perceived, temporal order. At the same time, the results are at odds the item-encoding hypothesis which would have predicted that pre-exposure to the pattern of ear/location alternation should ease the burden on attentionswitching or perceptual normalization/incorporation and hence reduce the impact of ear alternation. We note, finally, that the fact that the ear-alternation effect is influenced in the same way by an alternating lead-in sequence as reported previously in the context of voice alternation (Hughes et al., 2009 ) reinforces our view that they are underpinned by a common mechanism.
Experiment 3
In Experiment 3, we use the converse analytic device to that of Experiment 2 to garner convergent evidence to adjudicate between the two theoretical approaches: We now sought to demote stream segregation (thereby predicting, on the perceptual-motor account, a reduction of the ear-alternation effect as in Experiment 1) using a manipulation that should at the same time increase the burden on item-encoding (thereby predicting, from the standpoint of the item-encoding cost hypothesis, an increase in the ear-alternation effect). Specifically, we introduced an ear-alternating condition in which the alternation between left (L) and right ears (R) was irregular within a trial and where that irregular pattern was also unpredictable from trial to trial (e.g., LLRLRRLR followed by, e.g., RLRRLRLL, etc.) and contrasted this Alternation-irregular (Alt-Irr) condition with a condition in which the alternation was regular and fixed (and hence predictable) across trials (i.e., the same as the Alt conditions of Experiments 1 and 2; now labelled Alt-Reg for this experiment; for an illustration of the three conditions, see the 'Experiment 3' section of Table 1 ). Thus, in the Alt-Irr condition, stream segregation of successive items would now be demoted on the grounds that segregation is a function of the regularity and frequency with which nonsuccessive sounds exhibit mutual belongingness (Bregman, 1990) and hence the impact of ear-alternation should be reduced in this condition. In relation to the item-encoding hypothesis, in contrast, attentionswitching or perceptual normalization/incorporation would be expected to be under greater duress in the AltIrr compared to the Alt-Reg condition: Irregular and unpredictable alternation should reduce markedly the opportunity to anticipate the need (or not) to switch attention for each item or to anticipate the spatial information to be discarded/incorporated (cf. Mondor & Bregman, 1994; Mondor & Zatorre, 1995) . Thus, the item-encoding accounts predict a greater impairment with irregular compared to regular ear-alternating items.
Method Participants
Seventeen undergraduates from Cardiff University took part in return for course credit.
Apparatus, materials, design & procedure
All these aspects of the method were the same as in Experiments 1 and 2 except for the following. The design comprised two within-participant factors. The first was List-type with three levels implemented across three separate blocks of trials: (1) Single (as in Experiment 2); (2) AltReg in which the eight to-be-remembered items were alternated between the ears in a regular fashion (e.g., LRLRLRLR) for all trials; and (3) Alt-Irr in which items alternated between the ears in a different, irregular, fashion (e.g., LRRLRLLR) for each trial across a block (cf. Table 1 ). The irregularity was in fact pseudo-random given that we imposed the constraints that no more than two items could be presented to the same ear in succession and that each ear would, as in the Alt-Reg condition, receive four items over the course of the trial. The second factor was Serial position. There were 60 experimental trials divided into three blocks: 20 trials for each of the three levels of List-type. Each block was preceded by two practice trials corresponding to the condition represented in that block. The order in which the three blocks were undertaken was counterbalanced across participants. The experiment took approximately 35 min.
Results and discussion The results of Experiment 3 provide further support for the perceptual-motor account. In an Alt-Irr condition, the temporal irregularity and relative infrequency with which non-successive items were presented from the same location would have weakened any segregation of the items into two streams. At the same time, the pattern of results is opposite to that predicted by the item-encoding hypothesis: The uncertainty in the Alt-Irr condition as to when attention would need to be switched or what information would need to be discarded/incorporated during itemencoding should have accentuated not attenuated the effect. One potential counterargument to this interpretation from the standpoint of the attention-switching account might be that the smaller ear-alternation effect in the Alt-Irr condition may have been due to the fewer number of attention-switches required in that condition (five switches) compared to the Alt-Reg condition (seven switches). However, this argument would be difficult to sustain: It seems reasonable to suppose that such an account would predict a large difference when contrasting a 'no switches' condition (i.e., the Single condition) and a 'five switches' condition (i.e., the Alt-Irr condition) and a comparatively much smaller difference when comparing 'five switches' (Alt-Irr) and 'seven switches' (Alt-Reg). In fact, the difference between no-switches and fiveswitches was not significant. The results of Experiment 3 present perhaps the greatest challenge thus far for the item-encoding hypothesis: Despite a clear requirement in the Alt-Irr condition to switch attention between locations to encode the majority of the items or to discard/incorporate the location information for each item, serial recall was only slightly affected compared to the Single condition.
Experiment 4
In this experiment, we capitalize on a fundamental conceptual distinction between the perceptual-motor account and the item-encoding hypothesis: On the perceptualmotor account, the critical property of an ear-alternating sequence is that non-successive sounds are more similar to one another than are successive sounds and hence the non-successive sounds cohere together into two streams, over-riding the integration of successive items into one stream. In contrast, the critical property of an earalternating sequence from the standpoint of the itemencoding hypothesis is that successive sounds are dissimilar to one another, thereby increasing the burden on itemencoding via a need for attention-switching or perceptual normalization/incorporation; the relation between nonsuccessive items is irrelevant on these accounts. In a standard ear-alternating sequence (LRLR[. . .]), these two properties are perfectly confounded. In the present experiment, we deconfound them by including a condition in which the perceptual dissimilarity between successive items was made particularly great by having each successive item not only shift between ears/locations (in a regular pattern) but also change in voice. Specifically, in the Alt-ear-multivoices condition, the eight ear-alternating items were presented in eight different 'voices' (created by pitch-shifting recordings from a single voice; see Method for details). This therefore increased the dissimilarity between successive items but at the same time decreased the similarity between non-successive items. Thus, the item-encoding hypothesis predicts very straightforwardly that recall should be particularly poor in such a condition compared to when an ear-alternating sequence is relatively less variable (all items presented in the same voice): Attention would need to shift not only between ears/locations but also between different fundamental-frequency ranges (which were unpredictable from trial to trial). Indeed, it has been shown that responding to sounds that vary in both fundamental frequency and location is slower and less accurate than when they vary on only one of these dimensions (Mondor, Zatorre, & Terrio, 1998) . Similarly, on the perceptual normalization/incorporation accounts, there would for each item be two dimensions upon which features would need to be discarded/incorporated, hence serial recall should again be particularly poor in the Altear-multi-voices condition according to these accounts. Again, the perceptual-motor account makes the opposite prediction: In the Alt-ear-multi-voices condition, due to the relative incoherence of non-successive items (compared to the standard, Alt-ear-single-voice, sequence), streaming-by-location should be demoted. That is, a cue for segregation (ear-alternation) will be offset by a cueuncorrelated changes in voice-that demotes the integration of those 'same-ear' sounds. Thus, the perceptualmotor account predicts that the effect of ear-alternation will be diminished with the addition of uncorrelated changes of voice.
Experiment 4 also tests the assumption of the perceptual-motor account that the effect of earalternation is located primarily in the mapping of the percept of the sequence onto a motor-plan. That is, serial recall of the typical (single-voice) ear-alternating sequence is impaired because the perception of order is at odds with the need to assemble the items into a motor-plan according to their actual order. If so, then reducing the capacity for motor-planning should attenuate the ear-alternation effect. We test this in the present experiment by examining whether the ear-alternation effect is attenuated under articulatory suppression whereby participants are required to utter an irrelevant sequence during list-presentation (e.g., Baddeley, Lewis, & Vallar, 1984; Jones et al., 2004; Murray, 1968) ; thus, one group of participants undertook all four [i.e., voice(2) Â ear(2)] conditions while articulating an irrelevant sequence during list-presentation.
The perceptual-motor account makes detailed predictions regarding precisely how articulatory suppression would be expected to interact with the ear-alternation effect. Specifically, the attenuation should only be apparent for that portion of a spoken list-the pre-recency portionthat has been shown in previous studies to be associated with the assembly of items into a motor-plan. There is now ample evidence that the serial recall of the last few (e.g., 2 or 3) items of a spoken sequence (i.e., auditory recency) is not as reliant on motor-planning as prerecency items, as evidenced by the fact that auditory recency (unlike pre-recency) survives articulatory suppression (Hitch, Flude, & Burgess, 2009; Jones et al., 2004 Jones et al., , 2006 Macken et al., 2015; Maidment & Macken, 2012) . Thus, recall of items at the end-boundary of a spoken sequence has been attributed instead to the direct use of the highly perceptually-salient end-boundary of an auditory sequence, by-passing much if any motoric recoding (e.g., Jones et al., 2004) . Further evidence for this more passive route to the recall of list-end spoken items is that auditory recency is impaired by a spoken suffix regardless of articulatory suppression but only if that suffix is presented in such a way as to alter the passive organization of the end of the list (e.g., Maidment & Macken, 2012; Nicholls & Jones, 2002) . Thus, to the extent that ear-alternation exerts its effect by modulating the perception of order, its effect should remain apparent under articulatory suppression at those points where recall of the sequence by-passes motor-planning processes (i.e., at recency).
To recapitulate, then, the present experiment involved four conditions undertaken by both a no-suppression group and a with-suppression group: The sequence was presented in an ear-alternating fashion or to a single ear and these two types of sequence could either be presented such that all items were presented in a single voice (as in Experiments 1-3) or in eight different voices.
Method Participants
Fifty-two undergraduate students from Université Laval took part in return for a small honorarium. Half were assigned to a no-suppression group and half to a withsuppression group.
Apparatus and materials
The apparatus and materials were the same as for Experiments 1-3 except for the following details. A new set of the spoken digits 1-8 was recorded in French in a female voice and sampled with a 16-bit resolution at a sampling rate of 44.1 kHz using Sound Forge 5.0 (Sony Creative Software). The duration of each digit was again edited to 250 ms using the same software. Pitch-shifting was then applied to each digit using Sound Forge to create seven 'voice'-variations of the original recording (shifting the original recording of each digit by À10, À8, À6, À4, À2, +2, +4, and +6 semitones). There were therefore eight voice-versions of each digit (the original plus the 7 derivatives). A pilot study was conducted to ensure that the pitch-shifting had not rendered any of the stimuli incomprehensible. An independent sample of 5 participants from the same pool was asked to identify a series of digits spoken via headphones one at a time. All 128 possible stimuli to be used in the experiment proper [i.e., ear(2) Â voice (8) Â digit(8)] were presented once to each participant. The mean percentage of correct identification was very high generally at 98.44% and the identification rates across the eight voices fell within a narrow range, between 96.25% and 100% correct; a chi-square goodness-of-fit test confirmed that there was no difference in the frequency with which the digits were identified depending on voice, X 2 (7, N = 630) = 0.15, p = 1.
Four auditory conditions were constructed and are depicted schematically in the 'Experiment 4' section of Table 1 . The Single-ear-single-voice condition was equivalent to the Single condition of Experiments 2 and 3: the to-be-remembered list was presented to one ear and in one voice (one of the eight voices selected at random).
For half of these lists, all the items were presented to the left ear while for the other half all items were presented to the right ear. The Alt-ear-single-voice condition was equivalent to the Alt conditions of Experiments 1-3: the list was presented in one voice (one of the eight voices selected at random) in an ear-alternating fashion (whether the first item was presented to the left or right ear was counterbalanced). In the Single-ear-multi-voices condition, the list was presented to one ear (half the lists to the left, half to the right) but each item was spoken in a different voice. The order of the eight voices across such a list was determined randomly for each trial in this condition. Finally, in the Alt-ear-multi-voices condition, the list was presented in eight voices (again, their order determined randomly for each trial) in an ear-alternating fashion (half the lists starting with a left-ear item, half with a right-ear item).
Design
The experiment involved a mixed design with List-typeEar (Single, Alt), List-type-Voice (Single, Multi), and Serial Position as within-participant factors and Suppression as a between-participants factor. Regardless of Suppression group, each participant undertook 80 experimental trials divided into two blocks: The Single-voice block comprised 40 trials made up of 20 Single-ear-single-voice trials and 20 Alt-ear-single-voice trials. The block was preceded by four practice trials, two for each condition. The other, Multivoices, block comprised 40 trials made up of 20 Singleear-multi-voices trials and 20 Alt-ear-multi-voices trials. This block was also preceded by two practice trials per condition. In both blocks, the trials were presented in a pseudorandom fashion with the constraint that no condition was presented more than twice in succession. The order in which the two blocks were undertaken was counterbalanced across participants. One group of participants were free to use subvocal motor-planning during all 80 trials (the no-suppression group). The other group were required to repeatedly vocalize the irrelevant sequence ''A, B, C, D, A, B [. . .]" (in French) as the to-beremembered list was presented (see below for further details).
Procedure
Participants were tested individually in a dimly lit room. Before the beginning of the experimental session, participants in the with-suppression group were given a training session with the articulatory suppression task. The training session required the participants to repeat aloud (to 'shadow') the sequence ''A, B, C, D, A, B [. . .]" presented to them (to both ears) over headphones. The sequence was presented at the rate of one letter every 350 ms (250 ms on/100 ms off) in a male voice in French ('B', 'C', 'D', is pronounced in the same way as when reciting the English alphabet while 'A' is pronounced as /a/ not /ə/). The participants were required to repeat the letters at the rate at which they were presented to attune them to the rate at which they would be expected to utter the letters during the articulatory suppression in the experiment proper. The training session lasted approximately 2 min. For this group, each trial in the experiment proper began with the presentation of A, B, C, D on the screen for 2 s to signal to the participants that they were to begin articulatory suppression. They were instructed to read these letters aloud (but relatively quietly) at the rate they had learned to shadow them during the training session and to continue the suppression during item presentation until recall. The letters disappeared from the screen before the to-be-remembered list commenced. The Experimenter remained present throughout to ensure compliance with the articulatory suppression requirement. In the nosuppression group, the display A, B, C, D was replaced with a blank screen for the same duration.
For all auditory conditions and for both groups, after the last item of each list the word recall was displayed on the screen. As in all previous experiments, participants were instructed that they should try to recall the to-beremembered digits in the temporal order in which they were presented by writing them on a response sheet in a strict left-to-right fashion. They were instructed to guess if they were uncertain of a digit's position. Again as in previous experiments, participants had 15 s to recall each list and after this delay a 500 ms tone was presented over the headphones to indicate that the next trial was imminent. Turning first to the data from the no-suppression group (upper two panels), it is evident that the difference between single and ear-alternating conditions is smaller in the Multi-voices condition (upper-right panel) than it is in the Single-voice condition (upper-left panel). In the with-suppression group (lower two panels), the earalternation effect was again weak with multiple voices (lower-right panel) but was also relatively weak in the Single-voice condition except at recency (lower-left panel).
The results of an initial mixed 2 Â 2 Â 2 Â 8 ANOVA showed a main effect of List-type-Ear, F(1, 50) = 39.13, MSE = .023, p < .001, g 2 P = .44, a main effect of Suppression, F(1, 50) = 15.26, MSE = .56, p < .001, g 2 P = .95, and a main effect of Serial position, F(7, 350) = 135.85, MSE = .068, p < .001, g 2 P = .73. While the main effect of List-type-Voice was not significant, F(1, 50) = 1.03, MSE = .117, p = .32, there was a significant interaction between List-typeVoice and List-type-Ear, F(1, 50) = 13.96, MSE = .011, p < .001, g 2 P = .22. The only other significant interactions were those between List-type-Ear and serial position, F (7, 350) = 5.51, MSE = .008, p < .001, and List-type-Voice and serial position, F(7, 350) = 2.52, MSE = .013, p < .02. Importantly, all these effects/null effects and interactions were subsumed within a significant four-way interaction, F(7, 350) = 2.34, MSE = .006, p = .02, g 2 P = .05, consistent with our impression of the pattern evident across the four panels of Fig. 4 .
We turned next to address our specific hypothesis regarding the interplay of ear alternation and voicevariability by analyzing the data from the no-suppression group only (cf. upper two panels of Fig. 4 ) in a 2 Â 2 Â 8 repeated-measures ANOVA. Here, the main effect of Listtype-Ear was significant, F(1, 25) = 18.66, MSE = .03, p < .001, g 2 P = .43, while the main effect of List-type-Voice was not, F(1, 25) = .052, p > .05. Of particular interest, Listtype-Ear interacted significantly with List-type-Voice, F
(1, 25) = 4.30, MSE = .01, p < .05, g 2 P = .15: The earalternation effect was appreciably smaller in the Multivoices condition than in the Single-voice condition. Simple effects analyses showed that the ear-alternation effect was nevertheless reliable in both the Multi-voice condition, p = .023, and the Single-voice condition, p < .001. It should also be noted, however, that this List-type-Voice by Listtype-Ear interaction was a joint product of a (small and non-significant) detrimental effect of changes in voice (Multi-voice-single-ear: M = 64.7% vs. Single-voice-singleear: M = 66.8%) coupled with a (small and nonsignificant) reduction of the detrimental effect of ear alternation in the multi-voices condition (M = 60.9%) compared to single-voice condition (M = 60%). Thus, this particular result, if considered in isolation, could be argued to provide stronger evidence against the item-encoding hypothesis than it does evidence in favor of the perceptual-motor account.
Finally, we turn to our second specific hypothesis regarding the effect of articulatory suppression on the ear-alternation effect within that condition (Single-voice condition) in which a relatively large ear-alternation effect was produced and hence where it might be possible to observe any attenuation of that effect by suppression. To examine our detailed predictions regarding the interplay of articulatory suppression on the ear-alternation effect for different parts of the list, we derived a 'curve-portion' factor by dividing the serial position curve into a prerecency portion (first six serial positions) and a recency portion (final two serial positions). A 2 (List-type-Ear) by 2 (Suppression) by 2 (Curve-portion) mixed ANOVA on the data within the Single-voice condition (i.e., those depicted in the upper-left and lower-left panels of Fig. 4) showed a main effect of List-type-Ear, F(1, 50) = 81.04, MSE = .004, p < .001, g 2 P = .62, a main effect of Suppression, F(1, 50) = 9.52, MSE = .086, p < .005, g 2 P = .16, and of Curveportion, F(1, 50) = 39.05, MSE = .020, p < .001, g 2 P = .44. The two-way interaction between List-type-Ear and Suppression was not significant but there were significant interactions between List-type-Ear and Curve-Portion, F(1, 50) = 13.01, MSE = .002, p < .002, g 2 P = .21, and, of most interest, between List-type-Ear, Curve-Portion, and Suppression, F (1, 50) = 11.52, MSE = .086, p < .002, g 2 P = .19. Further scrutiny revealed that whereas there was no interaction between List-type-Ear and Curve-portion in the Nosuppression group, F < 1, there was indeed such an interaction in the With-suppression group, reflecting the weaker-though still significant (p < .005)-effect of ear alternation at pre-recency compared to recency in this instead as the final position only (and pre-recency as the first seven positions) or defined as the last three positions (and pre-recency as the first five).] It is worth noting also that this relative survival of the ear-alternation effect at recency under suppression is not due simply to performance being much better generally at recency (i.e., some sort of scalar effect), as this pattern is not apparent in the With-suppression, multi-voices condition despite a strong recency effect.
Discussion
Experiment 4 produced several useful findings. First, at odds with the item-encoding hypothesis, introducing eight changes of voice to an ear-alternating list failed to exacerbate the impairment of serial recall; indeed the numerical trend was for a reduction of the impact of ear-alternation when voice-changes were added. Given that responses to sounds are slowed the more dimensions upon which they change from one to the next (Mondor et al., 1998) , the item-encoding accounts incorrectly predicted that performance should have been particularly poor in the Alt-earmulti-voices condition. Instead, the numerical reduction of the ear alternation effect in the context of concurrent changes in voice is consistent with-but, as acknowledged, does not on its own provide further strong support for-the perceptual-motor account. One, admittedly post hoc, suggestion as to why performance with ear-alternating lists did not benefit more greatly from changes in voice is that the degree of change between the voices was too modest to over-ride the strong cues to segregation provided by an alternation between highly disparate spatial locations.
Further supporting the perceptual-motor account, articulatory suppression attenuated the ear-alternation effect at pre-recency-independently shown to be associated with subvocal motor-planning (e.g., Hitch et al., 2009; Jones et al., 2004 Jones et al., , 2006 Macken et al., 2015; Maidment & Macken, 2012 )-relative to recency, which has been shown to be immune to articulatory suppression (e.g., Jones et al., 2004) . This supports the tenet of the perceptual-motor account that the cost of perceptual variability for parts of the list usually supported by the assembly of items into a motor-plan is attributable to the incompatibility between perceived order and the order in which items need to populate that motor-plan. This result complements the finding that the voice-alternation effect is absent in short-term memory tasks that are not typically associated with a motor sequence-planning strategy (Hughes et al., 2011) . Furthermore, to the extent that recall of the list-end boundary of a spoken sequence (i.e., auditory recency) is, in contrast, supported by a more direct use of the passively-derived percept of the sequence (Jones et al., 2004) , any modulation of that percept by ear alternation would be expected to exert a detrimental effect even under articulatory suppression. Again, this very detailed prediction of the perceptual-motor account was confirmed in the present experiment.
Finally, it is worth highlighting the fact that there was no main effect of List-type-Voice. That is, voice-variability per se (e.g., within the single-ear condition) was not found to impair serial recall significantly even within the no-suppression group (although there was a numerical trend for such an impairment). At first glance, this aspect of the results seems at odds with the significant disruptive effects of voice-variability reported previously (e.g., Greene, 1991; Hughes et al., 2009 Hughes et al., , 2011 Martin et al., 1989; Mogensen et al., 2015) . However, much of this research (Greene, 1991; Hughes et al., 2009 Hughes et al., , 2011 Mogensen et al., 2015) involved contrasting a voice-alternation condition (specifically, a male and female voice alternating) with a single-voice condition. In the present experiment, in contrast, the voice-variable condition involved presenting each item in a unique voice.
5 Indeed, the weak and non-significant effect in a unique-voice-peritem condition observed here is entirely consistent with the perceptual-motor account of the attenuating impact of voice-variability on the ear-alternation effect: From this standpoint, the precondition for a robust perceptual variability effect is that non-successive items are more coherent than successive items; successive items differing from one another is not sufficient. In a unique-voice-per-item sequence, as the voices are ordered randomly, the coherence between non-successive items would not, on average, be any greater than that between successive items, hence there would be no basis upon which to segregate the items into two streams. This begs the question, however, of why some studies have indeed found voice-variability effects using unique-voice-per-item sequences (Goldinger et al., 1991; Martin et al., 1989; Nygaard et al., 1995) . A likely reason for this difference in outcomes is that all studies that have found an effect with unique-voice-per-item sequences have employed a serial recall task in which there was a particularly great burden on item as well as order recall: they used different words for each trial and relatively long lists (e.g., ten items). As Baddeley (2012) recently noted, to study processes specifically involved in short-term serial memory in a relatively process-pure way, different permutations of the same small set of items are used across trials (as was done throughout the present experiments) precisely to minimize the influence of long-term item memory (see also Hughes et al., 2009; present General Discussion) . Thus, itemencoding costs might indeed play a role when there is a high load on item-memory and hence, under such conditions, effects are found using unique-voice-per-item sequences. However, these effects, we would argue, are long-term item-memory effects manifesting in the context of a (relatively process-impure) short-term serial recall task. Another possible reason for the lack of a significant detrimental effect with a unique-item-per-voice sequence in the present experiment is that we used pitch-shifted versions derived from a single voice for our different 'voices' rather than eight real voices as in studies that have found such an effect (e.g., Goldinger et al., 1991; Martin et al., 1989) . On the item-encoding hypothesis, it could be argued that an impairment is more likely when voices change not only in terms of frequency-range but also in terms of other features such as timbre, speaking-rate, accent, and emotional tone. However, this 'number-of-ch anging-features' explanation would again seem to predict, incorrectly, a greater impairment of recall when items change in both voice and location compared to location alone.
General discussion
To summarize the main impacts of the present series of experiments, Experiment 1 provided the first definitive demonstration that the impairment of auditory-verbal serial recall when items alternate between the ears is driven by the localization of the items in auditory spacethrough the use of IID-not by the fact they are presented to different ears per se: When the sharp changes in IID in an ear-alternating list are reduced by the presentation of noise-bursts in the contralateral ear, the ear-alternation effect is eliminated (Experiment 1). This result discounts an early variant of the item-encoding hypothesis in which the two ears serve as two discrete input-channels: The effect was eliminated despite the fact that the need to switch between any such structural channels would not have been altered by the noise-bursts (see also Deutsch, 1979) . The results of Experiment 1 were also in line with the notion that the ear-alternation effect is driven by sequential perceptual organization: In this view, reducing the IID for each successive item promoted their sequential integration despite ear-alternation, thereby changing a perceptual-motor incompatible situation into a relatively perceptual-motor compatible one. More direct evidence for the role of perceptual organization was produced in Experiment 2 in which promoting the segregation of alternating items via pre-exposure to the alternating pattern (cf. Anstis & Saida, 1985; Bregman, 1978) increased the magnitude of the ear-alternation effect, converging with the impact of pre-exposure previously observed in the context of voice alternation (Hughes et al., 2009 ). The itemencoding hypothesis, however, would have predicted, if anything, a benefit, rather than a cost, of such preexposure. Further support for the perceptual-motor account and against the item-encoding hypothesis was found in Experiment 3: Demoting stream segregation while at the same time increasing the burden on itemencoding by making the alternation of the items between the ears irregular and unpredictable markedly attenuated the ear-alternation effect (indeed, the effect of an irregularly alternating sequence was not statistically significant in this experiment). In Experiment 4, we co-varied earalternation with voice changes and observed a (nonsignificant) trend for an improvement in the recall of an ear-alternating list despite an increase in perceptual variability between successive items. This is problematic for the item-encoding hypothesis which predicts that recall should be a simple negative function of the degree of perceptual variability. Finally, this experiment also supported the tenet of the perceptual-motor account that the earalternation effect is attributable in part to the mismapping 5 This was quite deliberate because if we had used alternating voices in the context of an ear-alternating sequence, the ear and voice changes would have been perfectly correlated, leading to particularly strong segregation and hence, based on the perceptual-motor account, a larger disruptive effect on serial recall than when items alternated on only one dimension. As the item-encoding hypothesis would predict the same outcome, such an experiment would not have been diagnostic. between perceptual organization and the assembly of a subvocal motor-plan: When such motor-planning is impeded via an articulatory suppression instruction, the ear-alternation effect is attenuated at pre-recency relative to recency. Moreover, the survival of the effect at recency under articulatory suppression dovetails with other evidence showing that recall of the last few items is supported by a direct use of the perceptual salience of the end-boundary of an auditory sequence rather than via motor recoding (Jones et al., 2004; Maidment & Macken, 2012; Nicholls & Jones, 2002) .
The present findings are problematic for theoretical accounts that are conceptually allied to the classical centralist view of short-term memory in which perceptual variability affects item-encoding processes prior to a limited-capacity short-term memory structure or space (e.g., Mogensen et al., 2015; Nygaard et al., 1995; Treisman, 1971) . Instead, they support the view that the perceptual organization of events and the compatibility of that organization with subvocal motor-planning is a key determinant of verbal serial short-term memory. In this view, the impact of perceptual alternation brings into relief how the representation of the serial order of a sequence of spoken items is in part a direct by-product of a process whose function it is to organize events into coherent objects, not memory storage per se. One way in which this passive form of organization determines serial recall is by influencing the ease with which items can be uploaded into an actively-assembled motor-plan. When the coherence of successive items in the typical auditoryverbal list is broken by making non-successive items more coherent than successive items, the creation of two perceptual objects each with its own integral serial organization generates a perceptual-motor mismapping problem, increasing the burden on active control and the likelihood of error.
Perceptual-motor incompatibility as a selection-for-action control problem
We argue that within the perceptual-motor framework, the active control process required in the face of perceptual-motor incompatibility may be understood as 'attention-switching' but where both what 'attention' is, and what needs to be switched between and why, is quite distinct conceptually from that typically found in the classical attention-switching account allied to the centralist view. Within the latter account, attention is often construed as a narrow filter designed to protect a limitedcapacity processing or short-term storage space from overload (Broadbent, 1958; Lachter, Forster, & Ruthruff, 2004) or as a spotlight that holds a subset of information in working memory in a particularly accessible state (Cowan, 1995; Oberauer, 2002) . In this view, attention switching is required when successive items change (e.g., in location or voice) precisely because attention is a narrow protective filter or spotlight that must therefore be shifted in real time if those items are to enter short-term memory (e.g., Page & Norris, 1998) or be made highly accessible (e.g., Cowan, 2001 ). Only then is item information (e.g., phonological content) linked to a (separate) representation of their order (e.g., Burgess & Hitch, 1999; Henson, 1998; Page & Norris, 1998) . Thus, the attention switching on this account is the switching of a pre-short-term memory filter or spotlight between each discrete stimulus as (or before) it occurs and prior to the point at which item order is determined.
The perceptual-motor account, in contrast, is allied closely to a radically different conception in which attention is viewed as a selection-for-action (not for-memory) process (Allport, 1993; Hommel, 2010; Houghton & Tipper, 1996; Neumann, 1987 Neumann, , 1996 van der Heijden, 1992) . In this view, attention is the process of mapping one of potentially several perceptual objects (derived preattentively in parallel) onto a motor-planning process that is limited simply on account of the fact that the bodily-action being simulated is intrinsically sequential (e.g., speaking, grasping a cup, delivering a right hook; Rosenbaum, 1991) . In these terms, then, ear-(or voice-) alternation in serial recall creates a selection-for-action problem: Two distinct temporally-extended perceptual objects are available in parallel, each embodying serial order cues incompatible with the to-be-produced sequence. The selection-foraction process ('attention') must therefore switch between the two objects and each successive act of populating the motor-plan involves having to disembed an item from the object that contains it. Thus, in contrast to the centralist view, the attention-switching on this account is the switching between already ordered sequences for the purposes of (re)assembling the items into a task-appropriate motor-plan. It is interesting to note that Treisman (1971) also considered (but did not test) the possibility that the switching with an ear-alternating sequence is between already-sequenced sensory data: ''If retrieval is from a ''sensory tape-recording" it appears to retain its dichotic character" (p. 165) and that ''on this hypothesis the distinction between perception and memory becomes blurred or meaningless" (pp. 165-166). The present study provides strong empirical support for this hypothesis.
The perceptual-motor mapping (or selection-for-action) account also helps make sense of findings from other early studies of the ear-alternation on serial recall. The view that the alternation effect is due to a two-to-one mapping problem predicts that if individuals had two vocal tracts, the problem would be reduced or eliminated. Moray and Jordan (1966) conducted what may be described as a manual analogue of this hypothetical double vocal-tract experiment: In the context of the split-span dichotic method in which a succession of simultaneous item-pairs are presented to the two ears (cf. Broadbent, 1954 )-they provided participants with a means of parallel manual (two-hand) output to match the parallel (two-ear) input: Responses were typed on a 'Palantype' (Stenotype) keyboard which can register the output of two simultaneously pressed keys. With sufficient practice (given the unfamiliar output mode), participants were now, unlike with vocal or written output, able to reproduce the ear-alternating sequence so that it approximated the true temporal order of the items with a high degree of accuracy. This finding is entirely in line with the perceptual-motor mapping account: the difficulty of alternation (with a serial output mode) lies in motor-sequencing the items appropriately, not in encoding or storing item-level information as posited within the item-encoding hypothesis.
The central importance of 'Peripheral' auditory-specific effects in serial recall A more conceptual potential challenge to our analysis from the standpoint of the classical, centralist, view of short-term memory is that the perceptual alternation phenomena that we have studied here and elsewhere (Hughes et al., 2009 (Hughes et al., , 2011 are specific to auditory lists; indeed, the obligatory perceptual integration processes at the heart of our account of these particular phenomena are much more powerful in the case of, if not unique to, auditory sequences (Bregman, 1990) . Proponents of the centralist view might therefore point to the fact that most of the benchmark phenomena of serial short-term memory (e.g., the phonological similarity effect; Baddeley, 1966; Conrad, 1964 ; the distinctive shape of the serial position curve; e.g., Crowder, 1972 ; the irrelevant sound effect; Colle & Welsh, 1976; Salamé & Baddeley, 1982 ; the articulatory suppression effect; Murray, 1968 ; the word-length effect; Baddeley et al., 1975) are observed with visual as well as auditory list-presentation, that is, they transcend sensory modality. Indeed, that this is the case is one of the main bases upon which rests the contention that short-term memory operates upon abstract-phonological, modality-independent, representations (see, e.g., Page & Norris, 1998) . From this standpoint, even if the centralist approach was to concede that ear-and voice-alternation effects are underpinned by perceptual organization processes rather than item-encoding costs, they would remain auditory-perceptual effects, peripheral (both structurally and conceptually) to the abstract realm of short-term memory proper. However, on further empirical scrutiny, it turns out that the cross-modal generality of certain features and phenomena of serial recall is a very weak basis for concluding that short-term memory is supported by central modality-independent representations and mechanisms. We turn at this point to examine in detail some of this evidence and the centralist reasoning that it has engendered, as well as its recent re-evaluation, as it has a fundamental bearing not only on the breadth of implication that can be drawn from perceptual alternation effects but also on the veracity of a perceptual-motor account of short-term memory more generally as well as the veracity of defining centralist assumptions.
We turn first to the observation that serial recall performance is (apparently) very similar regardless of whether the list is presented visually or auditorily and that it diverges only at recency, where auditory list recall enjoys a distinct advantage (i.e., the modality effect; Conrad & Hull, 1968; Crowder & Morton, 1969) . Such cross-modal generality at pre-recency has been taken classically to point to the modality-independent (e.g., phonological) character of verbal short-term storage. Indeed, the modality effect (or auditory recency) has, like perceptual variability effects, been cast as being peripheral to central short-term memory (e.g., Baddeley, 1986; Hurlstone et al., 2014; Page & Norris, 1998) . However, on closer inspection, it turns out that most studies in which recall of visual lists has been compared with truly auditorilypresented lists (as opposed to visual lists read aloud by the participant; e.g., Conrad & Hull, 1968) show that visual list-recall enjoys an advantage at pre-recency (e.g., Frankish, 1989 Frankish, , 2008 Harvey & Beaman, 2007; Macken et al., in preparation; Maylor, Vousden, & Brown, 1999; Sjöblom & Hughes, in preparation) . Thus, recall of visual and auditory lists in fact differs throughout the serial position curve, pointing to different processing constraintsand different ones for different parts of the list-related specifically to sensory-modality. In particular, Macken et al. (in preparation) recently showed that the 'inverted modality effect' at pre-recency is-as we have argued here in relation to perceptual alternation effects within audition-explicable by recourse to differences in the ease of perceptual-motor mapping. As argued in the present article, items in a typical auditory-verbal serial recall list (i.e., single voice, single location) are relatively well bound into a coherent stream as the result of obligatory perceptual organization processes. While this is advantageous for perceptual-motor mapping compared to when nonsuccessive items are bound (e.g., under conditions of ear alternation), it nevertheless hampers that mapping process compared to the case with a list of visual items: A sequence of strongly bound auditory items would need to be segmented so as to assemble them into the motor-plan whereas the relative perceptual independence of successively presented visual items (with grouping across space, rather than time, dominating in vision; Bregman, 1990 ) is more conducive to optimal motor-plan assembly. That is, the looser binding of visual sequences leaves their boundaries less salient than for auditory sequences (see Bregman & Rudnicky, 1975) but at the same time allows for more facile addressing of each constituent individually, independent of the holistic object.
In support of the perceptual-motor account, the inverted modality effect, like the ear-alternation effect, is attenuated at pre-recency by articulatory suppression but the standard modality effect at recency, again like the ear-alternation effect, is immune to articulatory suppression due to the capacity for direct use of the perceptual salience of the list-end boundary. Impeding motor-planning by speeding up the presentation-rate also equates recall of visual and auditory items at pre-recency (Macken et al., in preparation) . Thus, differences in recall of auditory and visual lists emerge not only at recency but also at prerecency due to the different form that perceptual organization takes in the two sensory modalities and its differing implications for motor-plan assembly. That recall performance is not the same across modality at pre-recency removes a key pillar of support for the centralist view while being readily explicable by recourse to perceptualmotor mapping processes. It also means that serial recall phenomena that are specific to a particular modality-such as ear-and voice-alternation effects-are as central to the understanding of serial short-term memory as phenomena that are modality-general.
A perhaps more abiding example of the inference that cross-modal generality in serial recall points to an abstract basis for verbal short-term memory, however, relates to the phonological similarity effect, arguably the most
